We describe a four-frame picosecond green laser interferometer developed at the Neptune Laboratory at UCLA. This diagnostic is applied for measuring the dynamics of CO 2 laser produced plasmas in a He gas jet. An example of results of the modification of the plasma density profile by the radiation pressure of the laser pulse is presented.
INTRODUCTION
Recently we reported the generation of monoenergetic proton beams from CO 2 laser-produced H 2 plasmas using collisionless shock wave acceleration mechanism [1] . Currently, we are working on helium ion acceleration using a gas jet to produce a tailored density profile found to be necessary for both launching the shock and suppressing the effect of sheath fields. Measurement of plasma dynamics during the interaction of the high-power CO 2 laser pulse with a near critical density (n cr = 1×10 19 cm -3 ) helium gas jet plasma is important because it provides an insight into complicated laser-plasma processes responsible for absorption, electron transport and particle acceleration processes. In the past we have employed a single frame interferometry technique to obtain the density profile of such a plasma however the technique is limited in its usefulness because our 10μm CO 2 laser macropulse is temporally modulated and contains a train of 3ps micropulses separated by ~18.5ps [2] and there is considerable dynamic evolution of the plasma that takes place during the laser pulse. Ideally we want a complete movie of how the plasma is formed to how it evolves on the upstream and downstream side of the overcritical density where the laser propagation comes to a halt. We have therefore built a four-frame Mach-Zehnder interferometer using a ~1ps, 532nm probe pulse. For green light, the 10 19 cm -3 plasmas are underdense and, therefore it could be used as a probe and analyzed by a regular CCD camera. In this paper, we describe this four frame interferometer diagnostic and the experimental procedure such as synchronization between a green probe and high-power CO 2 laser pulses required for experimental measurements. We also show sample results of the plasma density measurements when the CO 2 laser intensity was in the range of 5.0 10 15 to 2.9 10 16 W/cm 2 .
EXPERIMENTAL SETUP The Four-frame Interferometry Diagnostic
The drive laser for the experiment is a CO 2 master oscillator-power amplifier system. A detailed description of the laser system can be found elsewhere [3] . During the experiment, as illustrated in Fig.1 , a 5" CO 2 laser beam with up to 60J energy was incident into the target chamber through an 8" NaCl window. Part of the laser beam reflected off the NaCl window was used for temporal measurements of the CO 2 laser pulses. The beam was focused by an 8.5" 60 o off axis parabolic mirror into a helium gas jet. A side and a top camera (not shown in Fig.1 .) were installed to position the gas jet in the focus of CO 2 laser beam with a precision better than 20µm.
The streaking diagnostic setup is also shown in Fig.1 . A 4% reflection of the laser beam from the NaCl window surface was focused by a 5" OAP into a CS 2 cell along with a red diode laser beam. Due to the nonlinear Kerr effect, the intensity of the CO 2 laser beam would change the refractive index of the CS 2 liquid in its polarization direction. Therefore the nonlinear medium acted like a phase retarder for the red diode beam and changed its polarization state. Through the set of polarizer and analyzer, the red diode laser would carry the temporal structure information of the CO 2 laser pulse. This frequency-up-converted signal is then be analyzed by a streak camera with a temporal resolution of ~1.5 picoseconds.
An ~1ps, frequency-doubled (532nm) Nd: Glass laser pulse was used for a four-frame interferometer to probe the plasma. The probe first entered into a Michelson interferometer in which it was split into P and S components. The S component can be delayed w.r.t. the P component using an optical delay line.. The initial delay was set up at 20ps with a P pulse arriving at the interaction point (IP) earlier. Then, both components followed the same beam path and propagated into a classical Mach-Zehnder (MZ) interferometer. In the MZ interferometer, we additionally split a probe beam in two channels separated by a fixed delay of 60ps. Each channel contains both P and S components with 20ps separation. Thus the entire comb of probe pulses covers an 80ps time window that is sufficient for probing 100 ps (FWHM) CO 2 macropulse. This comb of the probe pulses was delivered for probing the laser plasma interaction. The two channels probed the plasmas with a crossing angle of 2 o . The temporal structure of the probe pulses were resolved by the streak camera and shown in Fig.1 . Time windows runs from the top to the bottom and the delay between P1, S1, P2 S2 were measured as 20ps, 40ps, 20ps, which gave us a better idea of where each frame of the probes was located w.r.t. the CO 2 pulse train during the experiment. Four independent CCD cameras have been used to analyze each of the frames. 
RESULTS OF EXPERIMENTAL MEASUREMENTS

Synchronization of the green probe laser
The 10μm seed pulse for amplification in a CO 2 laser chain and the 1ps 532nm probe pulse are both originated from the same 1μm pulse of Nd: Glass CPA system, so they are deterministically synchronized with each other [3] . However, due to the different propagation length, ~600ns relative delay was introduced by the time when the two pulses arrived at the IP. A ~182m long optical delay line was introduced to synchronize the pulses in ns scale. To resynchronize these two pulses with picosecond accuracy at IP, a semiconductor switching technique was used for a cross-correlation measurement. For this purpose as shown in Fig.2 (a) , a Si sample was put at the IP with a 45 o angle. The CO 2 laser pulse was incident from the left and focused on the silicon surface. The 1ps 532nm green probe was carefully aligned to spatially overlap with the CO 2 laser. Behind the Si semiconductor, a mercury cadmium telluride detector was put to detect the transmitted signal of the CO 2 laser. Si transmits a large fraction of the 10µm light but absorbs the 532nm light due to its higher photon energy than the bandgap. An electron-hole plasma layer can be formed on the surface of the Si after absorption of the 532nm photons. When the surface plasma density increases to ~n cr for the 10μm radiation, the Si acts like a switch, being able to modulate the transmission/reflection of the 10µm light. During the cross-correlation measurement, we used the P component of channel 2 to modulate transmission of the CO 2 laser pulse by changing delay between them. The results of the cross-correlation are shown below in Fig.2  (b) . The data points show the normalized transmission signal of 10µm light propagated through the semiconductor versus the time delay of the probe pulse. When the green pulse arrives later than the CO 2 pulse, the 10μm light is transmitted. Otherwise, the 10µm light is screened by the surface plasma created by the probe. The red line represents a fit to the data. When the green pulse and CO 2 pulse were crossing each other, we observed the transition from high to low transmission. The derivative of the fitting curve gives an entire ~120ps long CO 2 macropulse envelope. For the experiments, we overlapped our P2 probe pulse with the peak of the CO 2 laser pulse train and considered it as zero probe timing of the measurement. The final amplifier would introduce an extra ~200ps delay for the entire CO 2 laser pulse train during the experiment. A small variation from shot to shot of this delay also existed. In order to fully understand and control our probe timing, the relative delay between pump and probe was monitored for every laser shot as shown in Fig.3 .
FIGURE 2. (a) Experimental setup of the cross-correlation measurement. (b) Cross-correlation of the 1ps 532nm probe pulse
with the 10 pulse train 
10μm Laser Focal Spot Size Measurements
In order to measure the 10µm CO 2 laser focal spot size, an IR camera with a 5× magnifying imaging system was used for a z scan along laser axis. As shown in Fig.4 , we measured the focal spot sizes of the CO 2 laser for two different focusing geometries used in experiment. Due to the residual astigmatism of the beam, both a horizontal (w h ) and vertical (w v ) radii were extracted for each z position. For F/7.62 focusing, the focal spot size of the CO 2 laser beam is w o = ~ 61μm. For F/3, the spot size measured is w o =~ 46μm.
FIGURE 4. (a) 10µm laser beam radius along the laser axis ( ̂) for F/7.62 focusing geometry. (b) 10µm laser beam radius along the laser axis ( ̂) for F/3 focusing geometry
In order to calculate the CO 2 laser peak intensity, an energy partition among each individual micropulse inside the pulse train is required. Based on our streaking data in Fig.3 , the CO 2 laser pulse train is approximated by a train of pulses containing eleven micropulses shown in Fig. 5 . We can assign different energy for each micropulse and therefore calculate the peak power at any moment of time during the interaction. For a 45J laser pulse, combined with the measured laser spot size, we can deduce the CO 2 laser peak intensity of I = 5.0×10 15 W/cm 2 for F/7.62 scheme and I = 2.87×10 16 W/cm 2 for F/3. 
Plasma Density Measurement
An example of interferogram recorded in S frame of channel 2 (S 2 ) for a 45J CO 2 laser shot is shown in Fig. 6(a) . The CO 2 laser is incident from the right to the left. From the acquired interferogram, we can clearly see a pile up plasma density pushed (forward and sideways) by the radiation pressure forming a characteristic curved cavity. The significant bending of fringes shows a great amount of phase change and indicates a high density plasma area. The phase changes of the marked points in the interferogram are measured by comparing a relative shift of the fringes with the background (no plasma). One period here corresponds to a 2π phase shift. For the upstream region, where the cavity is recorded, the transverse plasma density profile is modeled as a low density area surrounded by two identical high density walls [4] . The phase change is the contribution of walls and cavity. For the downstream region, the transverse plasma density profile is modeled as a continuous Gaussian distribution centered on the laser axis. Based on the assumed transversely symmetric plasma profile, the plasma density of all the marked points can be calculated. The result of the manually extracted plasma density profile is shown Fig. 6(c) . The extracted peak plasma density during the laser pulse reached 2.4×10 19 cm -3 . To understand such a complicated plasma density profile better, a synthetic interferogram was generated using a Matlab program as shown in Fig.6 (b) . Its plasma density profile on laser axis is plotted with a solid red line in Fig.6  (d) . By adjusting the thickness of the wall, we obtained a plasma density profile that is in a good agreement with that in Fig.6(c) and plasma density for S 2 frame at the peak equals to 2.4×10 19 cm -3 up to the peak plasma density. Although the on axis density profile appears to show a decent agreement with the experimental data, the downstream fringe curvatures are not modelled correctly and need further work. 
CONCLUSION
In this paper, we presented a four-frame interferometry system designed and built at the UCLA Neptune lab. This diagnostic was applied for probing helium gas jet plasma produced by a 10µm pulse train. Initial results on plasma density analysis are also presented.
